Abstract The race-and sex-specific reference values for vertebral shape are important to determine the prevalence of osteoporotic vertebral fracture. However, these reference values are absent in Chinese women. In the present study, the anterior, middle and posterior heights and the ratios of these heights were measured from 14 vertebral bodies (T4-L5) in 60 premenopausal Chinese women (aged 19-25 years). Cutoff values were set as standard deviations (3 and 3.5 SD) and percentages (15 and 20%) below the means of vertebral height (VH) ratios to define vertebral deformities. The number of subjects with a VH ratio lower than -15% cutoff were significantly more than those with a VH ratio lower than -3 SD cutoff (p \ 0.05), but this difference did not occur when a -20% cutoff was selected. A few VH ratios were distributed below -20% and -3 SD cutoffs, and none was below -3.5 SD. The vertebral shape defined by VH ratios was different between Chinese and European women. We conclude that 3.5 SD below the reference mean is an ideal cutoff value for the definition of prevalent vertebral fractures in Chinese women, and reference data should be obtained from young premenopausal women.
Introduction
Osteoporotic vertebral fracture will cause serious health consequence associated with increased mortality and morbidity, particularly in the elderly postmenopausal women [1] [2] [3] [4] [5] . The diagnosis of vertebral fracture is based on the degree of vertebral deformity in lateral radiographs of the thoracolumbar spine [6] [7] [8] [9] [10] . However, the definition of vertebral deformity is controversial. Non-fracture deformity may cause false-positive identification of osteoporotic vertebral fracture [11] [12] [13] . Therefore, a standardized and reproducible approach is required to differentiate true osteoporotic fracture from normal variation or nonfracture deformity [10, [13] [14] [15] [16] . Since qualitative assessment of vertebral deformity is limited by poor interobserver agreement and reproducibility, quantitative vertebral morphometry has been introduced into the diagnosis of vertebral fracture [9, 15, 17] . Melton et al. [16, 18] defined vertebral deformities by measuring reduction (percentages or standard deviations) in ratios of anterior, middle and posterior heights of a vertebral body compared with normal values for that particular vertebra. Since then, this method has been widely employed in clinical and epidemiologic studies on vertebral fracture [6, 19, 20] .
Comparison to normal or reference values is essential for the quantitative assessment of vertebral fractures. There are several ways to obtain reference values: (1) from radiographs that have been assessed qualitatively as normal by a clinician or radiologist [15] ; (2) using radiographs from normal subjects in whom the risk of vertebral fracture is very low [11, 21] and (3) using radiographs from population samples, in which the cases with vertebral deformity need to be excluded by statistical manipulation [6, 16, 22] . The different sources may yield different reference values [13] . Therefore, selection of population is important to obtain optimal reference data for the determination of vertebral deformity [13] . We propose that normal young adults, who are supposed to have low incidence of vertebral deformity and osteoporotic fractures, is an ideal population for obtaining reference values. In addition, the reference values for vertebral dimensions vary among people of different races and sexes [21] [22] [23] [24] . Accordingly, a set of specific reference values is required for each race-and sexspecific population. Most documented reference values are derived from American, European and Japanese [18, 22, 25] . To our knowledge, there is lack of vertebral reference data for the Chinese.
In the present study, we measured the vertebral heights of 60 normal Chinese women (aged 19-25 years) to provide reference and cutoff values for the definition of vertebral deformity and osteoporotic vertebral fracture, both of which are prone to occur in postmenopausal women.
Materials and methods
Eighty young premenopausal Chinese women (aged 19-25 years) were recruited in this study. Two women were excluded because their mild scoliosis had been detected by physical examination. The remaining subjects were examined with thoracic and lumbar spine radiography. Lateral thoracic and lumbar spinal radiographs were taken in the lateral decubitus position (X-ray machine: Definium 6000, GE Healthcare). Tube-to-bed distance was 105 cm, with the X-ray beam centered at T8 for thoracic spinal radiograph and at L3 for the lumbar spine radiograph. All radiographs were reviewed by two senior orthopedic surgeons (authors: LG and YC). There were two criteria for subject selection: (1) absence of obvious vertebral deformity and (2) good enough quality of radiograph for quantitative measurement. Finally, 60 young women were included in the study with consensus between two reviewers. Thus, the prevalence of vertebral deformity was presumed to be 0 in this cohort of women.
The digital radiographic images were imported into a personal computer and analyzed using an NIH image program (NIH image J). As reported by Genant et al. [26] , six points were marked on each vertebral body from T4 to L5. The six points correspond to the four corners of the vertebral body and the midpoints of the endplates. If the view was not true lateral, the points were chosen that defined the area of the midplane of the vertebral body; the midpoints were chosen so that they fell on a line bisecting the distal and proximal projections of the superior and inferior endplates [26] .
A [16, 18] . Cutoff values were set as standard deviation (3, 3.5 and 4 SD) or percentage (15 and 20%) below the means of vertebral height (VH) ratios. To discriminate racial disparity in vertebral shape, we compared our data with those from normal European women (age \50 years) [11, 21] .
The percentage difference in subject numbers below different cutoff values was compared using the z test. In 60 subjects, the difference between cutoff values (percentage vs. SD) for each VH ratio was compared using paired t test. Intraobserver reproducibility was assessed by calculating the coefficient of variance (CV%) of two repeated measurements for 12 radiographs (168 vertebral bodies).
Results
Sixty premenopausal Chinese women, 22 ± 1.5 years old (range 19-25 years), were recruited for this study. The average body height was 162 ± 5.4 cm and body weight was 52 ± 7.2 kg. The age at menarche was 13.6 ± 0.88 years.
The mean ± SD values of vertebral heights and their ratios for 14 vertebral bodies (T4-L5) in 60 premenopausal Chinese women are shown in Table 1 . Three vertebral heights varied with the same trend between different vertebral levels. These heights progressively increased from T4 to L3, in which H p was the highest and H m was the lowest. Thereafter, the vertebral heights decreased. In L4 and L5, H p became shorter than H a (Fig. 1) . The increase in vertebral heights from T4 to T8 was remarkably lesser than that from T8 to L3. For VH ratios, H a /H p and H m /H p varied with a similar trend between vertebral levels, but H m /H p varied with a smaller range. At each vertebral level, H m /H p was lower than H a /H p ( Table 1 ). The CV% between two repeat measurements of 168 vertebrae was 3.67, 3.94 and 3.91, respectively, for H a , H m and H p .
For each VH ratio, we compared four cutoff values, 15%, 20%, 3 SD and 3.5 SD below the mean level (-15%, -20%, -3 SD, and -3.5 SD), in 60 young premenopausal Chinese women. Eleven subjects (18.3%) had [1 VH ratio below -15% cutoff, whereas only 2 (3.3%) and 3 (5.0%) subjects, respectively, had C1 VH ratio below -20% and -3 SD cutoffs. No subject had a VH ratio lower than -3.5 SD cutoff. Compared to -3 SD, there were significantly more number of subjects with VH ratios below -15% cutoff (p \ 0.05), but this difference did not appear when a -20% cutoff was selected. Figure 2 shows the distribution and cutoff levels of four VH ratios from T4 to L5. A few VH ratios were lower than -20% and -3 SD cutoffs ( Fig. 2 ), but none of the VH ratios was below -3.5 SD. Since the -3.5 SD cutoff was already lower than all observed VH ratios, the result of -4 SD was not needed. We compared the cutoff values for each VH ratio. Of the total 54 VH ratios in 14 vertebrae, only 8 VH ratios (*15%) showed their -3 SD cutoff to be lower than -20% cutoff ( Table 2) . Of these eight ratios, seven had a difference lower than 2%. For the -3.5 SD cutoff, 23 VH ratios (*43%) had lower values than the -20% cutoff ( at -20% and -3 SD cutoff levels, we found that the values defined by -20% were all significantly lower than that defined by -3 SD (p \ 0.05 to 0.001) (Table 3 ). However, there was no significant difference in any type of VH ratio between -3.5 SD and -20% cutoffs (Table 3) . Figure 3 shows the average H a /H p and H m /H p ratios for each vertebral body in the present study compared with the data obtained from normal European women by McCloskey et al. [11] and Diacinti et al. [21] The H a /H p ratio varied with a similar trend between different vertebrae in all three groups. The values were very close between our group and McCloskey's. However, the values of H a /H p ratio of Diacinti et al. were all obviously higher than those in our group (Fig. 3 ). For H m /H p ratio, the values of Diacinti et al. were also significantly higher than ours. The difference in H m /H p ratio was relatively smaller between our group and McCloskey et al. (Fig. 3) Fig. 1 The anterior, middle and posterior vertebral heights (H a , H m and H p ) for 14 vertebral bodies (T4-L5). All the heights progressively increased from T4 to L3, in which posterior height was the highest and middle height was the lowest. Thereafter, the vertebral heights were decreased. In L4 and L5, posterior height became shorter than anterior height
Discussion
Lateral radiography is a standard approach for the diagnosis of vertebral fracture, which is based on the assessment of vertebral deformity [27] . However, there is no agreed gold standard for the definition of vertebral fracture through the interpretation of radiographic appearance [17, 27] . Traditionally, clinical diagnosis has been made by radiologists or experienced clinicians through qualitative assessment of conventional radiographs [28] . Because the qualitative approach is an entirely subjective method, its validity is limited by poor inter-observer agreement and reproducibility [27] . Additionally, the conditions in epidemiologic investigation differ considerably than that in clinical diagnosis. In epidemiologic study, the assessment is often performed without specific clinical indications, and a large number of radiographs are viewed by a variety of observers with different levels of experience. Therefore, it is necessary to develop a definable, reproducible and objective method to detect vertebral fracture. Recently, various quantitative approaches have been employed in clinical and epidemiologic studies [17, 27] . A widely accepted quantitative method for identification of vertebral deformity is to compare the VH ratios of the affected vertebra with the reference values of that particular vertebra [11, 15, 16, 18] . Accordingly, determination of reference values of VH ratios is essential for the assessment of vertebral deformity [13] .
The reference values of VH ratios for women were derived from either premenopausal population [13, 21] or a trimming procedure for the data from elderly postmenopausal women [6, 16, 22] , which iteratively removed the number from the upper and lower tails of a distribution of VH ratio until the remaining data became normally distributed [6, 14, 22] . For both methods, any VH ratio lower than a given percentage or SD (e.g., 15% or 3 SD) below the mean can be regarded as vertebral deformity [6, 11, 13, 15, 16, 29] . However, the prevalence of vertebral deformity is likely to be overestimated by using the trimming method [11, 13] , because VH ratios are often not normally distributed, leading to the cutoff values falling within the observed distribution of the data [13] . It suggests that the reference values of VH ratios for women should be collected from the premenopausal population (to avoid trimming) [13] .
In the present study, we measured VH ratios in premenopausal women aged 19-25 years. The women within this age range are expected to have peak bone mass and vertebral height [30] [31] [32] [33] . Before measurement, radiologists and experienced orthopedic surgeons reviewed all radiographs to exclude spinal deformities and congenital or degenerative abnormalities. For these women, the prevalence of osteoporotic vertebral fracture was presumed to be zero. Therefore, young premenopausal women can provide optimal reference data for the assessment of vertebral deformity, which may effectively reduce the false positives in the epidemiologic studies on vertebral fractures [13] .
In premenopausal Chinese women, the vertebral heights increase from T4 to L3, in which the middle height is the lowest and the posterior is the highest; H a /H p and H m /H p ratios for these vertebrae range from 92 to 99% and 89 to 95%, respectively. These data suggest that vertebral bodies from T4 to L3 are in wedged and biconcave shape. The heights of L4 and L5 are lower than L3 and their shape becomes contra-wedged, in which H a is greater than H p . The variation of vertebral shape at different levels forms spinal curvatures, an anatomical feature conferring stability in the upright posture by reducing bending moments [34] . Vertebral deformity would change the smooth curvature of the spine, modifying the distribution of vertebral loading and increasing postural instability [21, [34] [35] [36] [37] . Kyphosis, usually occurring in older persons, is likely to affect spinal inclination and postural balance, increasing the likelihood of falls [35, 38] . This can explain why vertebral deformity likely contributes to subsequent fracture [19] . It is well known that previous vertebral fracture is a major risk factor to increase the incidence of new vertebral fracture [36, 39, 40] . A possible mechanism is that osteoporotic vertebral fracture, especially multiple vertebral fractures, may cause severe thoracic and lumbar kyphosis [38] . The abnormal load distribution in vertebrae and posture instability would significantly increase the risk of new vertebral fracture. A variety of methods have been developed for the assessment of vertebral deformities [11, 15, 16, 18] . Several Table 2 Values of vertebral height ratios defined by various cutoffs
3 SD below mean (-3 SD) 3.5 SD below mean (-3.5 SD) Highlighted VH ratios defined by -3 SD and -3.5 SD cutoffs are lower than those defined by -20% cutoff comprehensive studies have compared different methods in the same population to determine the impact of methodology on the estimates of prevalent vertebral fractures and on the identification of individual patient or individual vertebra as being fractured [13, 15, 37] . Black et al. [15] reported that three commonly used methods developed by Melton et al. [18, 29] , McClosky et al. [11] and themselves [15] could provide similar conclusions in the assessment of prevalent vertebral deformities in the same population. These methods are not suitable to define mild vertebral deformities [11, 15] because the mild deformities often confound with normal anatomical variation. It is difficult to find an optimal cutoff value for the definition of vertebral deformity. Any cutoff value is a trade-off between sensitivity and specificity [22] . The prevailing cutoff points are -15%, -20%, -3 SD and -4 SD from the reference mean values [11, 15, 16, 18] . The present study compared different cutoff values to determine their validity on the estimate of prevalent vertebral deformity in premenopausal Chinese women. The prevalence of vertebral deformity in young premenopausal women is presumed to be zero. Therefore, an ideal cutoff value is to allow the prevalence of vertebral deformity closing to zero in this population. The data demonstrated that -15% cutoff resulted in 18.3% of the subjects being associated with deformed vertebrae, which was significantly higher than other cutoffs. Thus, -15% is apparently not an ideal cutoff value for the assessment of vertebral deformity. However, the prevalence of vertebral deformity had no significant difference between cutoffs of -20% (3.3%) and -3 SD (5%), but most of VH ratios at -3 SD had a higher value than that at -20% ( Table 2 ), suggesting that as a cutoff value -3 SD may be more sensitive than -20% in the definition of vertebral deformity. We also found that VH ratios at -3.5 SD cutoff point were not significantly decreased as compared with that at -20% cutoff point. Additionally, none of the subjects had a VH ratio lower than -3.5 SD cutoff point. Taken together, declined SD is probably more sensitive than declined percentage as a cutoff value for determining vertebral deformity. According to our data, -3.5 SD is an appreciable cutoff value for the definition of vertebral fracture in Chinese women. The prevalence of vertebral fracture may be underestimated if -4 SD is used.
Our data showed that the shape of the vertebral body was different between Chinese and European premenopausal women [11, 21] . It is likely that there are significant differences in related values between English and Italian women (Fig. 3) [11, 21] . These shape differences in vertebrae may be attributed to different races and ages of the participants. There are sufficient data to conclude that the shape of the vertebral body is apparently different among people of different ages, genders and races [22, 24, 25] . Interestingly, the values obtained from different communities may be different though the age, gender and race are the same [22] . The application of different inclusion criteria might be a contributor to this phenomenon. Therefore, the use of externally derived reference data may result in an inaccurate estimate of the prevalent vertebral fracture [22] . Based on these data, we propose that the reference values for vertebral shape should be obtained from an individual population, and that values from males and females should be separated [22] . Fig. 3 The racial difference in vertebral height ratios between Chinese, English (McCloskey et al. [11] ) and Italian women (Diacinti et al. [21] )
